Here we describe a virus discovery protocol for a range of different virus genera, that can be applied to biopsy-sized tissue samples. Our viral enrichment procedure, validated using canine and human liver samples, significantly improves viral read copy number and increases the length of viral contigs that can be generated by de novo assembly. This in turn enables the Illumina next generation sequencing (NGS) platform to be used as an effective tool for viral discovery from tissue samples.
Introduction
A variety of methods for identifying unknown viruses have been reported, such as: degenerate primer PCR/amplification [1] , viral microarrays [2] [3] [4] and conventional sequencing. Low abundance of viral sequences relative to total host nucleic acids usually requires the use of viral enrichment and concentration procedures. These include: filtration, ultracentrifugation and nuclease treatment followed by random priming and amplification using the sequence-independent single primer amplification (SISPA) method or variations thereof [1, [5] [6] [7] [8] [9] [10] and/or with the Viral Discovery cDNA-AFLP (VIDISCA) method [11] [12] [13] [14] [15] . These approaches have generally been limited to liquid based samples (body fluids, eluted swabs, culture supernatants and environmental samples). NGS has shown great potential for novel virus discovery [16] [17] [18] [19] . The use of NGS alone can be sufficient if the viral nucleic acids are in sufficient abundance relative to host nucleic acids. However, as we confirm here, clinical biopsy samples can present a problem where even the depth of sequencing provided by NGS may be insufficient to generate useful viral sequence contigs by de novo assembly.
We have now established a broadly applicable approach for viral nucleic acid enrichment from small biopsy sized clinical liver tissue (e.g Tru-Cut), which combined with the Illumina NGS platform could provide an effective tool for viral discovery.
Results

Detection of HCV reads from HCV infected human biopsy samples using the Illumina platform
We analysed frozen Hepatitis C virus (HCV) infected Tru-Cut liver biopsies without viral enrichment to ascertain the limitations of detection of virus in a small liver biopsy using the Roche 454 and the Illumina NGS platforms. Total RNA was extracted from six biopsy samples (RNA integrity (RIN) values between 6 and 8) and HCV infection was confirmed by PCR. 0.5 mg of RNA from each sample were pooled and underwent SISPA (detailed in materials and methods). The minimally amplified pooled material was then mass sequenced on a single Illumina NGS lane. Mapping of the short reads to HCV reference genomes from the Los Alamos HCV database confirmed HCV infection with sub-type 3a. However, the mapping clearly showed a paucity of viral genome-coverage (12.5%) with a total of 32 HCV reads out of ,8 million (Fig. 1) . tBLASTx analysis of the complete dataset of viral fragments against all HCV genomes in the EMBL database did not identify any further HCV reads. The lack of overlapping viral sequence reads prevented de novo assembly of viral contigs, making the use of the Illumina NGS platform and the SISPA protocol alone a potentially ineffective technique for novel virus discovery. The same process using the Roche 454 platform failed to identify any HCV sequences.
Liver Cytosol/Pellet fractionation for viral enrichment
To improve on published tissue extraction methods for viral discovery [20] we compared different homogenization procedures. We found the optimal procedure was the use of a TH Omnihomogeniser/hard-tissue probe combination (Omni-International) using a short pulse (15 seconds) in cold PBS with a dry ice freeze thaw cycle, repeated three times, followed by RNAse and DNAse digestion of the host nucleic acids as illustrated in figure 2a and detailed in materials and methods. We found that pestle grinding with Alumina did not break the liver cells as reliably as our freeze/ thaw-mechanical approach (determined microscopically).
We compared the two methods with dissected (2 mm 3 ) biopsy sized fragments of an HCV infected liver sample with and without the presence of Benzonase as a nuclease to remove host nucleic acids (Fig. 2b) . Following nuclease treatment with both TurboDNAse and RNAse1 (+/2 Benzonase) to remove host nucleic acids, we extracted viral genomic material and residual host nucleic acids using the Trizol RNA extraction method with glycogen as a carrier. A modified SISPA protocol (materials and methods) was used to amplify a minimum amount of material needed for the Illumina NGS platform (1-3 mg) after cleaning and size fractionation to remove sub-200 bp fragments. By removing the sub-200 bp fragments we were effectively comparing NGS readable nucleic acids whilst removing fragments likely to represent residual host material that had survived exposure to the nuclease treatment. We determined that the improved cell breakage (determined microscopically) with the probe homogenization and freeze thaw cycles, correlated with an improved concentration of HCV nucleic acids using identical amounts of post-amplification dsDNA as an input to an HCV qPCR assay. Furthermore, with both methods the addition of Benzonase together with RNAse1 and Turbo DNAse reduced the HCV copy number 2-6 fold.
To validate our extraction/enrichment approach (high-speed tissue homogenization and freeze/thaw cycles) with Illumina NGS, we used four pieces of liver tissue infected with canine parvovirus 2 (CPV2), canine adenovirus 1 (CAV1), human hepatitis B virus (HBV) and hepatitis C virus (HCV). Liver samples were dissected into 2 mm 3 pieces (equivalent to approximately half of a Tru-Cut needle biopsy sample). Estimates of the viral sequence copy number per liver sample (2 mm 3 ) were made by qPCR (Fig. 3) to confirm the presence of the viral nucleic acids within the liver tissue and to estimate the maximum possible starting viral copy number of the sample with the subsequent processed fractions.
Next, our enrichment procedure and the total RNA and DNA extractions were carried out on separate 2 mm 3 dissected fragments of each liver sample (materials and methods). Following nuclease treatment with turbo-DNAse and RNAse1 (without Benzonase) the SISPA based protocol was used to amplify a minimum amount of material needed for the Illumina NGS platform (1-3 mg) after cleaning and size fractionation to remove sub-200 bp fragments. The level of enrichment achieved, per nanogram of amplified material, for all four different virus infected liver samples was quantified by qPCR (Fig. 4) . The DNA virus enrichment achieved a 10 4 increase in CPV viral nucleic acids relative to the highest non-enriched CPV sample extract (total RNA) and a similar enrichment level for CAV relative to the highest non-enriched CAV sample extract (total DNA). The RNA virus enrichment process achieved a 106 increase in both HBV and HCV nucleic acids relative to the highest non-enriched samples (total RNA).
Illumina NGS viral read and de novo assembly comparison
Based on the qPCR results, ten samples were selected for mass sequencing on the Illumina NGS platform with one sample library per lane, indicated by an asterisk in Fig. 4 . Mapping sequence reads (Fig. 5) enriched) samples processed in the same manner. The increase in viral sequences in enriched samples as a percentage of the total NGS read set is shown in Fig. 6 . Mass-sequencing of total DNA from CAV and CPV infected samples was performed since qPCR data indicated these samples had a higher viral genome copy number than the RNA transcriptome samples (Fig. 4 ). This correlated with the NGS read mapping analysis (Figs. 5 & 6) for both the CPV and CAV total DNA samples.
In order to ascertain whether the increased viral read copy number and reference coverage yielded significant improvement in the size and viral reference coverage of the contigs that could be generated by de novo assembly, we utilised CLC Genomics v4 (Katrinebjerg, 8200 Aarhus N, Denmark) and ABySS [21] de novo assemblers in tandem and with varying stringencies. The data from the unenriched CAV and HCV infected total RNA samples indicated that RNA extraction and SISPA processing alone was insufficient to generate contigs with significant viral reference coverage. The HBV infected RNA fraction produced two contigs covering one third of the HBV genome. In contrast, the virally enriched samples produced contigs covering between 73-100% of Figure 2 . Enrichment methodologies. a: Illustration of the key steps in isolating and enriching viral nucleic acids relative to host nucleic acids prior to sequencing by NGS. Liver tissue cells were broken in an isotonic buffer supplemented with BSA using a hard tissue probe and an OmniHomogeniser with a dry-ice freeze/thaw step (repeated 36). To ensure that cells membranes were broken the lysate was checked microscopically. b:
Comparison of Alumina/pestle-grinding against hard-tissue probe homogenisation with freeze/thaw cycles (+/2 the addition of Benzonase). (2 mm   3 fragments were dissected from an HCV infected liver sample. Duplicate tissue samples were used for each protocol. HCV nucleic acids were measured in triplicate by dual labelled qPCR assay with NIBSC standard. doi:10.1371/journal.pone.0028879.g002 their reference genome (Fig. 7) , with the HBV enriched preparation producing a single contig spanning 100% of the genome. The canine parvovirus was clearly transcriptionally active and the contig coverage from the total RNA (non-enriched) fraction was comparable to the virally enriched sample. For the CAV and CPV total DNA extracts, the resulting assembled contigs (1-2/sample) covered the reference genomes between 83.6% and 97% respectively, lower than, but comparable to the enriched viral DNA samples.
Discussion
Identifying unknown viruses in clinical samples is technically challenging and this is especially true for solid tissues when compared with using less complex samples such as body fluids. Additionally, whilst biopsy sampling is routine in the clinic it can be limited for research purposes by ethical and safety considerations. Often, the amount of material available for virological analysis may be limited to a fraction of a small needle biopsy leftover after diagnostic histopathological analysis. Detection of virus is not always possible in serum and plasma even with nucleic acid tests whilst the 'occult' virus may still be detectable in the viral reservoir tissue [22] [23] .
Mass sequencing technologies provide a new avenue for viral discovery as highlighted by Feng and Palacios [17] [18] using the Roche 454 NGS platform. The Illumina NGS platform also has scope for novel viral discovery, particularly with recent technical developments yielding improved sequence length and quality now complementing its exceptional sequencing depth. However, our preliminary work (Fig. 1 ) demonstrated that virally infected clinical biopsy samples exist where extracted total nucleic acids processed for NGS with the Illumina platform contain viral sequence at such a low number relative to host nucleic acids that viral reference coverage was sparse with no overlapping reads, precluding the possibility of assembling larger contiguous viral sequences. This is key in facilitating the discovery and characterization of novel viruses by nucleotide and amino acid similarity to viral database sequences or by predicted structural domain conservation. Concurrent NGS with the Roche 454 platform failed to sequence any viral nucleic acids that we could detect and for both platforms the only assembled contigs over 200 bp corresponded to host sequences.
We have shown that our enrichment methodology together with the Illumina NGS platform works for a range of viruses using sample sizes equivalent to a small needle biopsy. Cells in the sample are disrupted and the cytosol isolated with encapsidated virus intact. The resulting cytosolic fraction can be separated from the cell debris and nuclei leaving a low viscosity solution that can be nuclease treated directly or readily size fractionated by filtration methods. qPCR analysis of equivalent samples processed for DNA, RNA and with the viral enrichment method clearly demonstrate the extent of enrichment (Fig. 4) as did mapping of the subsequent NGS reads to the respective viral genomes to assess coverage (Fig. 5) and target viral sequence as a percentage of the whole NGS read set (Fig. 6) . Subsequent de novo assembly of the NGS reads using different assembly algorithms ( fig. 7) demonstrates the advantage of the enrichment procedure over whole RNA transcriptome sequencing. Enriched sample de novo assembled contigs using two different algorithms resulted in 73-100% coverage of the viral reference genome with one to three contigs. For the un-enriched RNA samples, only the CPV and the HBV sample contigs included contigs to the reference virus (97% and 32.5% respectively). Interestingly, it is clear that viral DNA genomes, from the CAV and CPV samples we used for validation, could be reconstituted from total extracted DNA using NGS alone. This is of particular interest if one considers that an unknown (DNA) virus may be latent, in a non-encapsidated, nonreplicative and transcriptionally repressed form at a given time point or cell type. This is of course a hypothetical, but in such a case, total RNA and viral enrichment analysis would be unlikely to work. Furthermore, with this methodology, the DNA can be concurrently extracted from the nuclei containing pellet after homogenization and prior to nuclease treatment, thus a three way strategy might be considered when attempting to find an unknown virus in a solid tissue biopsy. Our technique readily allows total RNA, virus enrichable cytosolic fraction and total DNA to be extracted with minimal loss of sample and minimal sample size.
In summary, our method can enrich a range of virus types that can be sequenced using the Illumina NGS platform. Furthermore, viral genomes can be largely reconstituted by currently available de novo assembly algorithms. This approach is robust, enabling the use of NGS for the detection and identification of novel viral pathogens from small diagnostic biopsy samples without the requirement to culture or isolate the virus first. We show this technique works for liver tissue, which can be a difficult tissue for extracting high quality RNA from and the HCV sample we used for enrichment validation and NGS was approximately 8 mm 3 of very hard fibrotic tissue that had a low viral genome copy number (Fig. 3) suggesting that the technique could probably be applied successfully to most tissue types including other fibrotic diseased tissues or joint collagen for example. Importantly, this methodology is rapid and results in very little loss of sample.
Methods
Liver samples and processing
Human liver samples were acquired from the Institute of Liver Studies, Kings College Hospital, London, University of London, UK. Samples were obtained with patient written consent. This Canine liver samples were acquired from the Blue Cross Animal Hospital (CPV) and the Royal Veterinary College (CAV) with informed and written owner consent acquired by both centers as per the guidelines of the Royal College of Veterinary Surgeons (RCVS), UK. The CAV and CPV liver samples represented legacy material for which no ethical committee approval was required in the UK.
Individual samples were screened +ve for the following viruses (Table. 1 ). After collection, liver tissue was stored at 280uC pending further analysis. Liver samples were divided into sections measuring 2 mm 3 and weighing ,15 mg comparable to approximately half a Tru-Cut needle biopsy. Size rather than weight was used for handling reasons in order to keep the samples as cold as possible to minimize nucleic acid degradation.
No Enrichment. Total RNA extraction was performed on liver tissue (Liver biopsy or 2 mm 3 ) using the RNeasy Lipid Tissue Mini Kit (Qiagen) according to the manufacturer's instructions with on column DNAse treatment. Total DNA extraction was performed on liver tissue (2 mm 3 or from nuclear pellet) using the QIAamp DNA Mini Kit (Qiagen) and according to the manufacturer's instructions. Liver tissue was homogenized in the relevant denaturant, according to the kit manufacturers instructions, using a micropestle (Eppendorf).
Enrichment. Liver tissue (2 mm 3 ) was immersed in 250 ml ice cold 0.7% bovine albumen supplemented buffered saline pH.7.2 and homogenised for 15 seconds on ice using an Omni TH -Tissue Homogenizer and disposable (7 mm6110 mm) 'Omni Tip' hard-tissue probe (Omni-International). The resulting homogenate was placed on dry ice for approximately two minutes until frozen, and thawed quickly before returning to ice. Homogenization followed by freezing and thawing was repeated a further two times to disrupt the cells (.90%) while leaving the nucleus intact (.90%) determined microscopically. Samples were then spun at 6006g for 10 minutes at 4uC to pellet the nuclei and large cellular aggregate. Non-particle protected viral DNA and RNA was removed from the supernatant by digestion with 30 U of turbo DNase [Ambion] and 25 U of RNase One [Promega]) in 16 DNAse buffer (Ambion) and incubated at 37uC for 90 minutes. Viral DNA (virally enriched) was extracted using the High Pure Viral Nucleic Acid Kit (Roche) according to the manufacturer's instructions and eluted with 30 ml water. The DNA virus extraction method used a polyA carrier not suitable for the viral RNA extraction with the necessity for subsequent random priming and amplification. We further established that glycogen was not an efficient substitute for polynucleotides as a carrier in silica column based methods. Therefore, viral RNA from the cytosolic extract was extracted using Trizol LS (Invitrogen) according to the manufacturer's instructions with modifications. 20 mg glycogen was added prior to precipitation and left overnight at 220uC and vortexed after 1 hour and 24 hours. The precipitation was then frozen at 280uC and vortexed again prior to centrifugation at 10 Kg for 30 minutes at 4uC. The RNA pellet was rinsed three times in 75% ethanol, dried at room temperature and the pellet re-suspended in 20 ml water supplemented with 80 U RNAse OUT (Invitrogen). RNA was passed through a NucleoSpin RNA Clean-up XS column (Machery-Nagel) according to the manufacturer's instructions and eluted with 10 ml water supplemented with 80 U RNAse OUT. Alumina grinding and the addition of Benzonase was used in a comparison study with a HCV infected liver sample using a previously reported protocol [20] . This was adapted for use with a needle biopsy sized tissue sample, obviating the need for ultracentrifugation to pellet the virus. Briefly, the liver tissue 2 mm 3 was ground with a micropestle (Eppendorf) with 20 mg of 100-mesh Alumina (Sigma-Aldrich) and 250 ml of ice cold 0.7% bovine albumen supplemented buffered saline pH.7.2. The homogenized sample was spun at 2.5 k rpm for 20 minutes at 4uC and passed through a 0.45 micron low bind filter (Millipore). This was compared to an identical sized sample from the same specimen processed for enrichment using our freeze/thaw protocol described. Additionally, Benzonase was tested as an additional nuclease to remove host nucleic acids, with both processed samples using 20 U benzonase (Novagen).
Sequence independent Single Primer Amplification (SISPA): RT/2 nd strand synthesis and product amplification
The protocol was adapted from previously reported SISPA based protocols 10, [21] [22] and using the SISPA primers/adaptors: FR26RV-N GCCGGAGCTCTGCAGATATCNNNNNN FR20RV GCCGGAGCTCTGCAGATATC. First-strand cDNA synthesis was performed using 100 U of Superscript III and the primer FR26RV-N (20 pmoles) using the manufacturers recommended random primer protocol (Invitrogen, UK) at 50uC for 60 minutes in the presence of RNase-OUT (Invitrogen, UK). cDNA and DNA were incubated with 2.5 U of Klenow DNA polymerase (NEB) at 37uC for 60 minutes with an inactivation step of 75uC for 20 minutes. PCR of the above extension products was performed using 5 ml of cDNA or DNA in a total reaction volume of 50 ml containing 2.5 mM MgCl 2 , 0.2 mM dNTPs, 16 Advantage 2 kit PCR buffer (TakaraClontech), 0.8 mM primer FR20RV and 1 U Advantage 2 kit Polymerase Mix. Temperature cycling was performed as follows: 1 cycle of 95uC for 2 minutes, 20 cycles (minimum) of denaturing at 95uC for 30 seconds, 65uC for 1 minute, 68uC for 30 seconds. An additional extension of 3 minutes at 68uC was performed. Further cycling was used when necessary to generate a final output of 1-3 mg of dsDNA post-fractionation and clean-up. Amplified DNA/cDNA was cleaned and fractionated using Chroma-Spin-200 columns (Takara-Clontech) to remove sub-200 bp nucleotide fragments to effectively standardise the samples for Illumina NGS platform sequencing. Integrity and quantity was assessed on a gel chip 7500 (Agilent) using a 2100 Bioanalyzer (Agilent Technologies UK Ltd). Concentration of dsDNA was determined using the Quant-iT PicoGreen assay (Invitrogen).
PCR diagnostics
A HCV PCR diagnostic kit (GeneAmpH EZ rTth RNA PCR, AB life technologies) was used to confirm the presence of the virus, according to the manufacturers instructions, in the HCV infected biopsy samples and the post-transplantation excised HCV infected liver sample used for the enrichment protocol.
qPCR Assays Viral nucleotide sequence copy numbers were measured in the amplified material from the various fractions prior to NGS sequencing as well as to estimate the viral genome sequence copy number in the original samples. All liver samples were dissected into equally sized, 2 mm 3 pieces. Equivalent samples were used for the different extraction procedures and all assays used a Rotorgene 6000 qPCR machine (Rotor-Gene Version 6.1 build 93, 2009, Corbett Research/Qiagen). Data was analysed using Rotor gene software, version 1.7 (Corbett Research/Qiagen).
CAV and CPV qPCR. CAV and CPV viral sequence copy number was estimated relative to a standard to determine the genome copy number of CAV and CPV in the liver tissue samples and to acquire a viral nucleic acid copy number estimate from the processed fractions. To produce the standard, amplified fragments of CAV and CPV were individually cloned into pJET1.2 (Fermentas) according to the manufacturer's instructions. Chemically competent E.coli cells (One Shot Top10 E.coli; Invitrogen) were transformed with this construct and plasmid DNA was extracted from E.coli grown overnight in liquid culture (Plasmid mini kit; Qiagen). Plasmid DNA was linearised and quantified using the Quant-iT PicoGreen assay (Invitrogen). A 10-fold dilution series was made by diluting the plasmid DNA in polyinosinic-polycytidylic acid (Poly I:C) from 10 8 to 1 copy. qPCR was performed on each of the standards, DNA extracted from infected tissue (for genome copy number) as well as the processed DNA and cDNA fractions in triplicate. Amplification was performed using 1 ml of template and 0.3 mM of each primer using the QuantiTect SYBR Green Master Mix (Qiagen) and distilled water to a final volume of 25 ml. After an initial PCR activation step at 95uC for 15 minutes, 45 cycles of amplification were performed consisting of 95uC for 15 seconds, 60uC for 30 seconds and 72uC for 30 seconds.
Hexon gene CAV1 primers (forward) 59-TGCTGCCACAATGGTCTTAC-39 (reverse) 59-CCACAGTGGGGTTTCTGAAC-39 NS1 gene CPV2 primers (forward) 59-GACTGGGAATCGGAAGTTGA-39 (reverse) 59-CAATGCCAGCCTTGATCTTT-39 HCV and HBV qPCR viral genome copy number estimation. These assays are based on the primers and probes previously reported [24] [25] and modified to fit the QuantiTect Virus qPCR kit (Qiagen) according to the manufacturers instructions. Briefly, the primer final concentrations were at 0.4 mM and the probe final concentrations were at 0.2 mM. Polymerase activation/strand denaturation was at 95uC for 5 minutes, and two step cycling was at 95uC for 15 International Standard, NIBSC. 1,000,000 IU/ml. Viral nucleic acids were extracted using the High Pure Viral Nucleic Acid Kit, Roche. Viral load was calculated per ml of eluate with no adjustment for kit extraction efficiency. Triplicate dilutions of the HCV and HBV standards were run at neat and 1in 5 serial dilutions together with the samples in triplicate. HCV RNA genome copy number was estimated by using single primers (not pooled) for the reverse transcription step prior to the addition of the second primer and the PCR cycles in order to exclude the -ve strand from the genome copy estimation. The reverse transcription step was at 50uC for 20 minutes.
HCV and HBV qPCR viral sequence quantitation in processed sample fractions. HCV and HBV viral sequences in each fraction (RNA or DNA virus enriched, total RNA and total DNA) were quantified against NIBSC controls (HCV 06/100 and HBV 97/750) essentially as described previously with minor modifications [24, 26] . All reactions were carried out in a total volume of 25 ml using Jumpstart Taq readymix (Sigma) and specific forward and reverse primers (HBV1 and HBV2, MAD1 and MAD2 for HCV) were used at a final concentration of 400 nM, and labelled taqman probes at 0.2 mM (BS1 and MAD3 for HBV and HCV respectively). Following a 10 minute denaturation step at 95uC, 50 cycles of 30 seconds at 60uC and 30 seconds at 95uC were performed.
Illumina NGS protocol
Sequencing was performed using standard Illumina methods. Libraries were created with the Illumina Paired End Genomic DNA Sample Prep kit. Briefly, DNA was sheared into 200-400 bp fragments using a Covaris AFA (Covaris, Woburn, MA), end repaired and an A-overhang added. Illumina paired end adapters were A-T ligated onto the ends of the fragments. Libraries were PCR amplified and each sample sequenced using one lane of an Illumina GA II sequencer generating 76 bp paired end reads. For more detail see Quail et al [27] .
Illumina NGS read set trimming
Read set trimming of the NGS data was performed using the CLC Bio Trimming algorithms with the parameters: Failed reads removed on import, ambiguous limit (2), 39 terminal nucleotides removed (2), homopolymeric tracts of 30 bp removed, SISPA primers removed and minimum number of nucleotides in read allowed (38 nt).
Illumina NGS Viral Sequence copy number and reference coverage estimation
To assess overall genome coverage and reference nucleotide coverage, the Illumina reads were mapped to complete viral reference genomes (.95% similarity) PVCCP-N for canine parvovirus, AC_000003 for canine adenovirus and EU155829 for hepatitis B virus. Hepatitis C virus reads were first mapped to the 61 reference genomes from the Los Alamos National Laboratory HCV sequence database and the HCV genotype 3 reference sequence NC_009824 with the HCV sub-type 3a consensus genome Ref.3a.DE.HCVCENS1.X76918 used subsequently for best coverage (,85%) and sample comparison using CLC Bio Genomics Workbench v4 (Katrinebjerg, 8200 Aarhus N, Denmark) and BWA [28] . The references were indexed using bwa index -a IS with bwa aln and bwa sampe used to achieve the paired end alignments. No read mapping was possible to the 59UTR and the first 400 bp of the core protein sequence for any of the confirmed or unconfirmed HCV geno/subtypes indicative of a novel subtype as defined by this hypervariable region.
Illumina NGS viral contig de novo assembly
De novo assemblies of viral contigs were generated using the CLC Bio Genomics Workbench v4 (Katrinebjerg, 8200 Aarhus N, Denmark) and ABySS 1.2.7 [21] in tandem. For CLC de novo assembly both paired and unpaired were co-assembled with a paired read distance min/max at 180/380. For Abyss, a K-mer size of 37 was used, K = 37 and the sequences were assembled as pairs. Contig consensus sequences were mapped to the viral reference genomes to determine total coverage as well as contig size relative to genome size. Sequence alignment to the reference genomes was performed using the sequence alignment algorithms from CLC Genomics workbench v4.0 and bwa. For the CAV and CPV enriched NGS data sets the viral reads were greater than 20% of the total. De novo assembly was ineffective probably due to 'noise' as a result of accumulated errors in the NGS data sets containing millions of target viral reads. This occurred with both de novo assemblers used and was overcome by a combination of splitting the read sets to #1 million reads and increasing the alignment stringency of the reduced sets.
